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Background: 3-bungarotoxin is a heterodimeric neuro-
toxin consisting of a phospholipase subunit linked by a
disulfide bond to a K+ channel binding subunit which
is a member of the Kunitz protease inhibitor superfam-
ily. Toxicity, characterized by blockage of neural trans-
mission, is achieved by the lipolytic action of the
phospholipase targeted to the presynaptic membrane by
the Kunitz module.
Results: The crystal structure at 2.45 A resolution sug-
gests that the ion channel binding region of the Kunitz
subunit is at the opposite end of the module from the
loop typically involved in protease binding. Analysis of
the phospholipase subunit reveals a partially occluded
substrate-binding surface and reduced hydrophobicity.
Conclusions: Molecular recognition by this Kunitz
module appears to diverge considerably from more
conventional superfamily members. The ion channel
binding region identified here may mimic the regula-
tory interaction of endogenous neuropeptides. Adapta-
tions of the phospholipase subunit make it uniquely
suited to targeting and explain the remarkable ability of
the toxin to avoid binding to non-target membranes.
Insight into the mechanism of -bungarotoxin gained
here may lead to the development of therapeutic strat-
egies against not only pathological cells, but also
enveloped viruses.
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Introduction
The venoms of many poisonous animals contain a diverse
cocktail of toxins, often neurotoxins, conferring potency
against a spectrum of targets and prey (reviewed in [1,2]).
For example, venom from the snake Bungarus multicinctus
contains both o-bungarotoxin, which blocks acetyl-
choline receptors on the postsynaptic membrane of
neuromuscular junctions, and P-bungarotoxin, a com-
pletely unrelated protein, which inhibits neurotransmitter
release from presynaptic membranes [3,4]. Diversity in
targets of action is supplemented by further heterogene-
ity in each toxic component. A K-homolog of ca-bun-
garotoxin has specificity for neuronal over neuromuscular
receptors [5], and there are many isoforms of 1-bungaro-
toxins. These 13-bungarotoxin isoforms are heterodimeric
proteins, and diversity arises from combinatorial associa-
tions of variants of each subunit. Six different -bun-
garotoxin isoforms (designated 1-I-6) have been
identified by sequencing, and their differential activities
have been partially characterized [6,7].
Each -bungarotoxin dimer has a phospholipase A2 sub-
unit covalently coupled through a disulfide link to a
smaller subunit related to Kunitz-type protease inhibitors
[6]. Both components are members of well-studied pro-
tein families, with more than a dozen atomic-level struc-
tures known for representatives of each. Sequences of the
enzymatic subunit closely resemble those of other extra-
cellular A2-specific phospholipases which are found in
pancreatic secretions, inflammatory exudates and certain
toxins ([8], reviewed in [9]). It is the lipolytic action of
3-bungarotoxin, directly responsible for the depolarizing
permeabilization of the synaptosomal plasma membrane,
that characterizes its toxicity [10]. Sequences of the
smaller subunit identify them as members of the Kunitz
(Kunin or pancreatic trypsin type) protease inhibitor
superfamily ([6], reviewed in [11,12]), although 13-bun-
garotoxin has no protease inhibitor capacity [6]. Instead,
the 13-bungarotoxin Kunitz subunit serves to guide the
toxin to its site of action on the presynaptic membrane
by virtue of a high-affinity interaction (nanomolar Kd)
with a specific subclass of voltage-sensitive potassium
channels [13-15]. Although the phospholipase/Kunitz
combination is unique to 13-bungarotoxin, other toxins
are known to be based separately on either phospholipase
or Kunitz-type proteins.
A number of venom phospholipases are toxic (reviewed
in [16]) and, although they appear to share similar
biochemical properties [17], they vary mechanistically.
For example, the neurotoxin crotoxin is composed of a
standard phospholipase and an inhibitory chaperone,
which blocks the phospholipase active site until binding
to a presynaptic receptor triggers the dissociation of the
chaperone [18]. In contrast, both the monomeric
phospholipase from Oxyuranus scutellatus and notexin
from Notechis scutatus scutatus are unchaperoned; the
former has a specific skeletal muscle receptor [19],
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whereas notexin targets the neuromuscular junction
[20]. Among all known phospholipase toxins, only
[3-bungarotoxin has a mechanism of action in which tar-
geting and phospholipase activity are separated into non-
homologous subunits.
Other Kunitz toxins of known structure include oa-den-
drotoxin and its relatives, toxin I and toxin K [21-23].
The mode of action of these toxins is both similar and
different from that of [-bungarotoxin. They also bind
tightly to certain voltage-gated potassium channels on
presynaptic membranes, but their mode of action is
channel blockage, which in turn facilitates neurotrans-
mitter release and leads to convulsions. Although their
effects are opposite, and ultimately toxic, binding by
[3-bungarotoxin and ot-dendrotoxin is similar. Thus,
P-bungarotoxin binding can be inhibited by dendrotoxin
[24] and the Kunitz subunit from 13-bungarotoxin (pre-
pared by reduction and carboxymethylation) binds with
high affinity and blocks both non-inactivating and inacti-
vating voltage-gated channels [25]. Indeed, in the early
stage of -bungarotoxin action, miniature end-plate
potentials are actually increased and only later, presum-
ably associated with phospholipase action, are they abol-
ished [26]. Because of its primary role in guiding the
toxin, we have termed the Kunitz subunit the 'targeting
subunit' and we refer to the mechanism by which
[3-bungarotoxin acts as 'targeted phospholipase' action.
There is interest in therapeutic applications of toxins, and
Kunitz toxins have been the focus of drug design efforts
([27], reviewed in [28]). By analogy with immunotoxins
(reviewed in [29,30]), the bipartite structure of -bun-
garotoxin may make it useful in the design of appropri-
ately directed toxins. 3-bungarotoxin has potential
advantages in this respect. Unlike other highly toxic phos-
pholipases, it is extremely specific in its effects and has nei-
ther direct nor indirect hemolytic activity [31]. Moreover,
at concentrations of only 1-2 nM, it specifically suppresses
the in vitro growth of neuronal cells while maintaining a
high population of viable photoreceptor cells [32].
We report here the crystal structure of the 32 -isoform of
P3-bungarotoxin. Despite expected similarity in overall
structure between the individual -bungarotoxin
subunits and their respective homologs, each has distinc-
tive features. Comparative analyses, made in light of
these features and the mode of intersubunit association
defined by the structure, reveal surprisingly novel modes
of interaction between this toxin and ion channels and
lipid membranes. Insight into these interactions may be
useful in other contexts: we discuss the relevance of
toxin binding to ion-channel regulation and the
therapeutic potential of a redirected phospholipase
against enveloped viruses such as HIV.
Results
Overall structure
The structure of 132-bungarotoxin was solved at 2.45 A
resolution by a combination of molecular replacement
and multiple isomorphous replacement (MIR) phasing
techniques and refined to an R value of 19.3%. The
structure of 132-bungarotoxin is shown schematically in
Figure la. Although each subunit is essentially globular,
their joining produces a relatively extended molecule of
main-chain dimensions -60 A x 40 A x 20 A.
As expected from sequence analysis [7], the structure of
the phospholipase subunit (120 residues and 6 disulfide
bonds) closely resembles other members of a large family
of homologous phospholipases A2 [9]. Most of the back-
bone, including the three helices that constitute its core
as well as the calcium-binding loop, superimpose well
with the non-toxic class I phospholipase from Naja naja
atra [8] (root mean square deviation [rmsd] of 0.826 A for
Fig. 1. Backbone structure of P2-bungarotoxin. (a) Schematic displaying secondary structural elements. The smaller Kunitz subunit is
shown at the top right connected through a disulfide bond to the larger phopholipase subunit. (Drawn with SETOR 175].) (b) Stereo plot
of the Cc backbone of 2-bungarotoxin shown superimposed with toxic (notexin and a-dendrotoxin; dashed line), and non-toxic (Naja
naja atra phospholipase and BPTI; thin line) homologs of each subunit. Superpositions were made using all Cas that remained within
2.5 A of each other after least-squares alignment. Outliers are detailed in Figure 3. Spheres are drawn every 10 residues for reference.(Drawn with MOLSCRIPT [76].)
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107 Coa atoms), and the toxic phospholipase notexin [33]
(rmsd of 0.908 A for 108 Cca atoms) (Fig. lb). Differ-
ences are seen mainly in the regions that interact with the
Kunitz subunit (residues 13-16 and 74-76), those close
to the substrate-binding loop (residues 63-65), and those
at the base of the so-called ' wing' (residues 81-84).
The Kunitz subunit, with 61 residues and 3 disulfide
bonds, also closely resembles other Kunitz superfamily
members; it superimposes well with the classical protease
inhibitor, bovine pancreatic trypsin inhibitor (BPTI)
[34,35] (rmsd of 0.955 A for 48 Ca atoms) and with the
Kunitz toxin, ao-dendrotoxin [21] (rmsd of 0.837 A for
49 Ca atoms) (Fig. lb). Differences are concentrated at
the N terminus (which in [32-bungarotoxin interacts with
the phospholipase subunit) and in the region homologous
to the anti-protease loop (which in conventional Kunitz
protease inhibitors is involved in protease binding).
Anti-protease loop divergence
It was clear from the initial electron density that the
region homologous to the anti-protease loop showed
extensive structural rearrangements, when compared
with BPTI (Fig. 2) [35]. The a-carbon of Glnl7 in
2-bungarotoxin is shifted 4.3 A with respect to the
homologous position of the active-site lysine of BPTI,
and the neighboring disulfide adopts a substantially dif-
ferent orientation. The main-chain conformation here is
stabilized by the buried side chain of Aspl2, the carboxyl
oxygen atoms of which hydrogen bond to the backbone
nitrogen atoms of residues 14 and 42, both of which
diverge considerably from the canonical Kunitz structure.
Although a six amino acid insertion in the sequence of
the acrosin inhibitor from Drosophilafunebris [36] and the
structure of a Tyr35--Gly mutant of BPTI [37] suggest
that the protease-binding region is structurally malleable,
dramatic rearrangements in the anti-protease loop itself
are unprecedented.
Phospholipase substrate-binding loop
The phospholipase substrate-binding loop (encompassing
roughly residues 60-70) is one of the most variable
features of an otherwise extremely conserved family of
phospholipases A2. This loop was first identified by
comparison of sequence and substrate preference, and its
ability to influence substrate binding was confirmed by
substitution mutagenesis [38]. In the substrate-binding
loop of P2-bungarotoxin, the contact residues (62-65),
which map to within 2 A of the superimposed substrate
(see Fig. 3), differ substantially from the toxic phospholi-
pase notexin (rmsd in backbone atoms of 5.6 A), but are
similar in structure to the non-toxic phospholipase Naja
naja atra (rmsd in backbone atoms of 0.9 A; Fig. lb).
Although differences with Naja naja atra phospholipase
are found in the preceding residues (58-61), these do not
interact with substrate. Thus, in contrast to the unfore-
seen divergence of the Kunitz subunit, the phospholipase
substrate-binding loop appears to be similar in structure
to non-toxic phospholipases.
Subunit interface
A novel Kunitz interaction is observed in [32-bungaro-
toxin involving the intersubunit disulfide bridge at the
C-terminal ac helix (Cys55 of the Kunitz subunit linked
to Cysl5 of the phospholipase subunit). A detailed view
of this portion of the molecule is shown in Figure 4.
Virtually all of the residues that make up the interface are
charged. Only two of the intersubunit electrostatic inter-
actions are direct - a salt bridge between Glu16 (phos-
pholipase subunit) and Lys48 (Kunitz subunit), and a
hydrogen bond involving the side chain of Arg75 (phos-
pholipase) and the carbonyl oxygen atom of Leu58
(Kunitz) (Fig. 4). Other electrostatic interactions are
water-mediated. For example, the interaction between
the backbone nitrogen atom of Cys15 (phospholipase)
and the side-chain oxygen atom of Glu56 (Kunitz), and a
three-way interaction between the carbonyl oxygen atom
of Cys55 (Kunitz) and the side-chain nitrogen atoms of
Arg75 (phospholipase) and Argl (Kunitz) (Fig. 4).
Although interface residues are mostly charged, substan-
tial hydrophobic interactions are found, involving pri-
marily Tyr60 (Kunitz) as well as the aliphatic portions of
Lys74 (phospholipase), Arg75 (phospholipase) and Argl
(Kunitz). The subunit interface buries 1052 A2 , with
145 A2 contributed by the half-cystine residues. The
largest contributor is Arg75 (phospholipase) with 173 A2
Fig. 2. Stereo diagram of electron density
produced by combining the MIR and the
phospholipase molecular replacement
phases. Density distributions were calcu-
lated with data from 10-2.9 A, and con-
toured at 1.0Of. The region shown is
homologous to the anti-protease loop in
the Kunitz subunit and cannot be biased
by phase information from the phospho-
lipase model. Shown with it are the final
02-bungarotoxin refined model (lightgreen) and a ribbon trace of the back-
bone and disulfides of BPTI (pink),
superimposed as described in Figure 1.(Figure made with SETOR [75].)
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Fig. 3. Sequence of 32-bungarotoxin aligned with subunit homologs. The sequence of 32-bungarotoxin was redetermined. It is shown
aligned with toxic and non-toxic homologs of each subunit: phospholipase subunit (notexin and Naja naja atra phospholipase) and
Kunitz subunit (-dendrotoxin [DTX] and BPTI). These sequences have been aligned based on the superposition of their crystal struc-
tures (Fig. 1). Also shown for the Kunitz subunit are the sequences of two ion channel toxins, mast cell degranulating peptide (MCDP)
and calcicludine (CaC), although less structural detail is available for them. Yellow, sequence conserved only among Kunitz toxins;
blue, sequence conserved between all Kunitz toxins and BPTI; green, side chains within 2 A of the surface as defined by the substrate
acyl chains (see the Materials and methods section); *, catalytic residues in the phospholipase; #, reactive-site lysine or arginine residue
of Kunitz serine protease inhibitors; A, intermolecular half-cystines and residues with >25% of their solvent-accessible surface buried in
the subunit interface; e, buried amino acid side chains of the Kunitz subunit of 2-bungarotoxin with solvent accessibilities <15%;
boxed, residues which differ from 32-bungarotoxin by more than 2.5 A after alignment as detailed in Figure 1.
buried, followed closely by Arg201 (Kunitz) with 167 A2 .
Charged or polar residues contribute the majority of the
buried surface (987 A2). Except for the intersubunit cys-
teines, only five residues bury more than 25% of their
surface area in the interaction (marked by A in Fig. 3).
The interface is long, but relatively narrow (dimensions
of -25 A x 6 A), possibly allowing for rotational mobility
around the long axis of the interface. Contributing to
this intersubunit mobility may be the flexibility of the
interface contacts, most of which are side chain to side
chain. No backbone to backbone contacts are found. In
particular, the dominance of arginine and lysine residues,
both of which can adopt many different conformations,
may contribute to this mobility.
A -bungarotoxin-like intermolecular disulfide bridge
may also be present in the C-terminal domain of the
morphogen Noggin, a dorsalization factor involved in
head formation in Xenopus oocytes [39,40]. However,
apart from the conserved cysteine, none of the residues
identified as stabilizing the 32-bungarotoxin interface are
retained in Noggin.
Discussion
Structure analysis
With more than a dozen structures known at atomic
resolution for representative members of each -bun-
garotoxin subunit, the structure of P2-bungarotoxin
provides a unique opportunity for understanding the
essential modifications needed for neurotoxicity, and
more generally, for targeted toxicity. Several puzzles
present themselves. First, although the structures of
several toxin members of the Kunitz superfamily have
been solved previously [21-23], the location of the ion
channel binding region on the Kunitz module remains
unknown. Second, the structure of the -bungarotoxin
phospholipase subunit superficially resembles non-toxic
phospholipases. However, the toxin clearly differs from
non-toxic phospholipases biochemically [17] and pos-
sesses the unexplained ability to avoid non-target mem-
branes en route to the neurosynapse. In an attempt to
decipher these puzzles, we combined structure analysis
with biochemical data, sequence analysis, and mutagene-
sis results in an attempt to fully exploit the information
gained from the structure solution.
Ion channel binding motif
The toxin members of the Kunitz superfamily bind to
voltage-sensitive ion channels, primarily K+ channels,
although one member, calcicludine, is a potent blocker
of voltage-sensitive Ca2 + channels [41]. Speculation con-
cerning the interaction of Kunitz modules with ion
channels has focused on whether it can be modeled fol-
lowing the protease-inhibitor paradigm of more conven-
tional members of this superfamily. Results from toxin
sequence analysis are unclear [42-44]. Nevertheless, it
seems reasonable to suppose that because the Kunitz tox-
ins all share the same fold, the structural features underly-
ing their recognition of ion channels may be conserved.
We have compared the structures and sequences of four
K+ channel binding members of the Kunitz superfamily
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In all of the toxin structures for which side-chain con-
formations have been described, the orientations for
Lys30 and Arg54 are similar. For Arg54, this conserva-
tion results in part from the support of its nominally
flexible aliphatic C and Cy atoms by a conserved
hydrophobic residue at position 58 (glycine in BPTI),
one turn below it in the at helix. Sequence searches of
the Swiss Protein data bank, and of previously published
venom inhibitor homologs [41-43], demonstrate that the
combination of Lys30, Arg54 and hydrophobic 58 is spe-
cific to toxins. Moreover, recent mutagenesis studies on
toxin K confirm that part of the general region that we
have identified here, the turn (residues 27-30), is
involved in ion channel binding (LA Smith, personal
communication).
Fig. 4. 2-bungarotoxin subunit interface. Interface residues
depicted here have >25% of their surface buried in the interface
or are involved in intersubunit hydrogen bonds. All other
residues are represented by a backbone worm: Kunitz subunit
(yellow), phospholipase subunit (cyan). Side chains of interface
residues are colored by atom type: nitrogen (blue), oxygen (red),
carbon (white) and sulfur (green). The two water molecules that
mediate intersubunit hydrogen bonds are represented by red CPK
spheres. Hydrogen bonds are shown as thin green lines. (Inset)
For reference, a reduced picture of 2-bungarotoxin in the same
orientation. (Figure made with GRASP 561.)
(P2-bungarotoxin, a-dendrotoxin [21], toxin I [22] and
toxin K [23]). Residues likely to belong to the ion chan-
nel binding region were identified by the following crite-
ria: solvent accessibility greater than 15%; conservation of
amino acid identity within the Kunitz neurotoxins and
not in BPTI; and preservation of main-chain orientation.
When mapped on to the molecular surface of 32 -bun-
garotoxin, the results provide a striking identification of
the general region likely to be involved in ion channel
binding (Fig. 5a). Analogous criteria, when applied to
the protease inhibitor members of the Kunitz superfam-
ily, similarly identify the region of the anti-protease loop
(Fig. 5b,c). The proposed ion channel binding region is
located roughly 30 A from the anti-protease loop at the
opposite end of the module (Fig. 6). This region has not
been previously implicated in molecular recognition
events involving members of the Kunitz superfamily.
The identified region is an elongated basic surface which,
judging by the relative orientation of the preserved inter-
facial binding surface of the phospholipase [8,91 (which
contains the access route to the phospholipase active site),
would face the membrane (Fig. 6). Residues specified by
our criteria are Phe23 (tyrosine in BPTI) and Lys30 and
Arg54 (glycine and methionine respectively in BPTI).
Relation of toxin binding to endogenous neuropeptides
Chimeric studies on dendrotoxin-sensitive and dendro-
toxin-insensitive K+ channels have defined a region of
the ion channel that interacts with Kunitz toxins
[45,46]. This region, the putative extracellular loop
between the fifth and sixth transmembrane-spanning
segments (S5 and S6), is thought to be important in reg-
ulating the extracellular channel mouth. It has been
implicated in the binding of several K+ channel toxins,
including mast cell degranulating peptide (MCDP),
which is a 22-amino acid peptide from bee venom
[46,47]. Endogenous peptides that appear to be anti-
genically identical to MCDP, and which may induce
long-term potentiation in the hippocampus, have been
identified in porcine brain [48]. The structure of
MCDP, as determined by NMR [49], contains a flexible
tight turn and a CRXXC (where X is any residue)
helix, that resemble, respectively, the Lys30 f3 turn and
the Arg54-containing helix of 12-bungarotoxin (Fig. 3).
The structural similarity of MCDP to the proposed
Kunitz ion channel binding motif combined with the
interaction of MCDP (and presumably MCDP-like pep-
tides) with the same portion of the ion channel suggests
that, in contrast to other neuropeptides (which regulate
K+ channels indirectly through second messenger sys-
tems) these endogenous MCDP-like peptides may regu-
late their target K+ channels through direct binding.
The K+ channel interaction of the Kunitz toxins may
thus mimic the in vivo interaction of endogenous neu-
ropeptides and serve as a biologically relevant model of
direct K+ channel regulation.
The prevailing paradigm of K+ channel regulation holds
that neuropeptides modulate K+ channels indirectly,
through second messenger systems. But neuropeptides
have been found to function in a variety of ways ([50];
reviewed in [51,52]). The direct K+ channel regulation
by MCDP-like neuropeptides proposed here alters the
prevailing paradigm, suggesting additional diversity of K+
channel regulation. An analogous situation arises in the
case of the Ca2 +-activated K+ channel blocker apamin
[53], for which the existence of endogenous apamin-like
neuropeptides [54] indicates that direct K+ channel regu-
lation may operate here as well.
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Fig. 5. Analysis of the molecular recognition surface of the Kunitz module. (a) ,32-bungarotoxin surface colored according to the
sequence similarity of the underlying residues. The color scheme is similar to that of Figure 3: conserved only among Kunitz
toxins (yellow), conserved between all Kunitz toxins and BPTI (blue), and non-conserved (purple). In addition, structurally
diverse regions (where the backbone differed by >2.5 A as detailed in Figure 3, and the phospholipase) are colored red. The
yellow patch towards the center of the Kunitz subunit corresponds to Phe23. Clustered below it are Lys30 and Arg54. Two
views of the toxin are shown related by a 180° rotation about a vertical axis. (b) Surface of BPTI colored with an analogous
scheme (see the Materials and methods section for details). Residues are colored according to whether they are conserved only
among protease inhibitors (yellow), conserved between protease inhibitors and P2-bungarotoxin (blue), or not conserved (pur-
ple). The scale and orientation of BPTI here is analogous to that shown for the Kunitz subunit of 32-bungarotoxin. Two views of
BPTI are shown. (c) Protease inhibitor loop of BPTI: residues 12-16 (BPTI numbering) are shown in pink, all other residues in
gray. (Figure made with GRASP [56].)
Activity of the phospholipase subunit
The remarkable capacity of the toxin to avoid non-spe-
cific binding, and to hydrolyze the presynaptic mem-
brane to the exclusion of others, is central to its
neurotoxic action. Because the phospholipid substrate is
continually present in abundance in non-target mem-
branes, -bungarotoxin faces special targeting problems.
Even though the phospholipase subunit of the toxin has
almost 60% sequence identity with other venom and
pancreatic phospholipases, its interactions with mem-
branes are biochemically different [17]. Non-toxic phos-
pholipases bind membranes (and micelles) in a
non-specific and promiscuous manner, whereas 3-bun-
garotoxin binds poorly to zwitterionic and non-ionic
micelles (Kd>>60 mM). In addition, it exhibits a much
greater degree of selectivity for anionic surfaces than
other phospholipases [17]. We analyzed the phospholi-
pase subunit for clues to the functional adaptations
required for targeted neurotoxicity.
Analysis of the structure of notexin [33], which when
compared with other phospholipases displays a widely
divergent substrate-binding loop, focused attention on this
portion of the molecule. However, in [32 -bungarotoxin,
Fig. 6. Electrostatic potential at the molecular surface of the substrate-binding loop was found to be closely related
[ 2-bungarotoxin. Blue represents positive potential, red nega- to that of the non-toxic phospholipase from Naja naja atra
tive, and white neutral. The positions of selected features are (see Fig. lb). Moreover, electrostatic analysis shows
highlighted. (Computed with GRASP [56] at neutral pH.) that the substrate-binding region of [32-bungarotoxin is
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negatively charged (Fig. 6), the same as its preferential
binding surface (biochemically, it binds preferentially to
anionic micelles [17]). While the overall charge of the
toxin (+8 at neutral pH, most of which resides in the
Kunitz subunit) may account for a non-specific affinity for
anionic surfaces, other phospholipases have substantial net
positive charges and are not neurotoxic (e.g. the eastern
cottonmouth phospholipase has a net charge of +9 [55]).
These observations tend to rule out conjectures explaining
the toxic activity of [ 2-bungarotoxin in terms of a struc-
tural binding feature or a specific electrostatic interaction.
We analyzed the chemical and physical properties of the
[ 2-bungarotoxin surface close to the substrate-binding
site. The analysis takes advantage of the large number of
high-resolution structures, several with bound substrate,
which have been solved for this family of phospholipases.
Surprisingly, 132-bungarotoxin was found to segregate
clearly from non-toxic phospholipases, showing both
reduced hydrophobicity and reduced proximal surface
area (Fig. 7). These two properties may be related
through an association between surface curvature and
hydrophobicity [56] and could account for the weak
binding of the toxin to non-ionic micelles. They may
also reflect a functional adaptation for neurotoxicity that
reduces the non-specific affinity of the toxin for mem-
branes and thereby enhances targeting specificity. Indeed,
the other neurotoxic phospholipase included in the
analysis, the monomeric notexin [33], segregates in the
same fashion as P2-bungarotoxin (Fig. 7a).
Crystal structures of several phospholipase A2-substrate
complexes demonstrate that this class of phospholipases
binds substrate in a conserved manner [8]. Modeling of
the phospholipid substrate into the active site of 32-bun-
garotoxin leads to steric clashes with Trpl9, which
appears to partially occlude the hydrophobic substrate-
binding site. Torsional rotation of Trpl9 out of the active
site - to the most favorable, sterically allowed, rotamer
conformation [57] (and similar to that seen in the struc-
ture of the substrate complex of Naja naja atra phospho-
lipase [8]) - would position its indole ring within the
membrane. Such a conformation would increase both
the hydrophobic and proximal surface area of the toxin
by approximately 100 A2, aligning it with non-toxic
phospholipases. Thus, while surface properties are a
cumulative reflection of all of the exposed residues,
Trp19 may play a central role by occluding the substrate-
binding site during diffusion to the presynaptic mem-
brane, and once at the membrane, acting as a
hydrophobic anchor to facilitate tighter binding. Other
phospholipases may also occlude their substrate-binding
sites as a general mechanism for enhancing mobility;
Trpl9 is not unique to 32-bungarotoxin and substrate-
binding sites that are occluded by oligomeric interfaces
have been observed in the crystal structures of several
venom phospholipases [58,59].
Mechanism of -bungarotoxin action
The structure of P32 -bungarotoxin illuminates some of the
details of the -bungarotoxin mechanism of action. In
addition, the scenario presented here, although specula-
tive, provides a convenient way to summarize the results
of the structure analysis. After the toxin is injected by the
snake, its partially occluded active site and reduced
hydrophobicity enable it to avoid binding to non-target
membranes and thus diffuse away from the site of injec-
tion. Upon reaching the presynaptic membrane, the
Kunitz domain binds to its K+ channel receptor through
the binding region identified here. This initial K+ channel
binding is probably responsible for the observed transient
increase in neurotransmitter release [25]. The K+ channel
is an integral membrane protein, and K+ channel binding
would presumably orient the phospholipase subunit
towards the membrane (the K+ channel binding region
and the phospholipase active site are on the same face of
the toxin; Fig. 6). The tight K channel interaction
would thus compensate for the decreased membrane
affinity of the phospholipase. Once hydrolysis occurs, two
events further enhance phospholipase affinity. First, sub-
strate binding displaces Trp19, flipping it into the mem-
brane where it provides a hydrophobic anchor. Second,
fatty acids, released upon phospholipid hydrolysis, increase
the anionic composition of the membrane, thereby
enhancing -bungarotoxin non-specific electrostatic
affinity. Eventually, extensive phospholipid hydrolysis
Fig. 7. Chemical and physical properties of the phospholipase surface proximal to the substrate-binding region. (a) Hydrophobic area
and proximal area of the surface within 7.5 A of the substrate acyl chains. Shown are () toxic phospholipases, (0) non-toxic phospho-
lipases from structures without substrate, and () non-toxic phospholipases from structures of substrate complexes. 'N' and 'B' label
notexin and -bungarotoxin respectively. (b) Phospholipase molecular surface colored by the physical properties of the underlying
atoms: hydrophobic (green); charged (purple); polar (white). Portions of the surface that are >7.5 A from the substrate acyl chains are
colored orange. The surfaces depicted are (from left to right) 32-bungarotoxin, notexin, and the phospholipases from cobra (Naja naja
atra class I), rattlesnake (Crotalus atrox class II) and honeybee (Apis mellifera insect). (Figure made with GRASP [56].)
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cumulatively interferes with neurotransmitter release, ulti-
mately resulting in blockage of neural transmission, the
hallmark of P-bungarotoxin neurotoxic action.
Therapeutic adaptation of 0-bungarotoxin
The molecular mechanisms revealed here, by which
13-bungarotoxin avoids non-specific membrane interac-
tions, coupled with segregation of the targeting activity to
a separate subunit (which may be removed by selective
reduction; PDK unpublished data) make the -bungaro-
toxin phospholipase uniquely suited to therapeutic adapta-
tion. As with targeted toxin therapy, it should be possible
to redirect the -bungarotoxin phospholipase by switch-
ing its targeting subunit from the Kunitz module to, for
example, a pathogen receptor or tumor-specific antibody
Such a redirected phospholipase would have several advan-
tages over the typical targeted cytotoxins (such as ricin,
exotoxin A, and cholera toxin) used in toxin therapy. In
order to function, these other toxins must be internalized
and translocated to the cytoplasm, which is a relatively
inefficient process. Several thousand toxin molecules may
be 'stranded' at the cell surface for each one that reaches
the cytoplasm [28,60]. In contrast, the -bungarotoxin
phospholipase degrades membranes extracellularly. Such
phospholipase therapy may also work on the virions of
enveloped viruses (such as herpes, influenza, or retro-
viruses like HIV), which are resistant to conventional
directed toxins. Indeed, because viruses lack cellular
biosynthetic repair mechanisms they would be particularly
susceptible to this type of membrane degradation.
Biological implications
The snake venom neurotoxin, 0-bungarotoxin, is a
heterodimer consisting of an enzymatic phospholi-
pase subunit disulfide linked to a targeting subunit.
The latter is a member of the toxin subfamily of
the Kunitz protease inhibitor superfamily.
loop) connecting two strands in the Kunitz fold.
This may be no coincidence; as has been found
with immunoglobulins, loop regions often possess
the advantages, such as an exposed surface area and
a relative lack of sequence constraint, necessary to
accommodate a functional interface.
Comparison of the ion channel binding motif that
we have identified here with neuroactive peptides,
suggests that the mode of binding of this class of
toxins to K+ channels may be analogous to that of
endogenous neuropeptides. This implies that these
particular neuropeptides may regulate their target
channels by direct binding rather than indirectly
through second messenger systems, as current
thinking would impute.
Analysis of the phospholipase subunit reveals the
functional mechanisms of neurotoxic action and
may explain the active-site occlusion previously
observed in the structures of several venom phos-
pholipases. These mechanisms also make 3-bun-
garotoxin a particularly attractive candidate for
therapeutic adaptation. Not only does it lack
hemolytic activity, but the targeting activity is
segregated to a separate subunit. In addition, the
calcium-dependent nature of the phospholipase
confines lipolytic hydrolysis to the extracellular
surface, thus safe-guarding intracellular machinery
and reducing toxicity and the rate of metabolic
inactivation. Most pathological cells should be
sensitive to lipolytic degradation. Moreover, by
recoupling the phospholipase to a viral receptor
moiety, such phospholipase therapy may also work
on enveloped virions. The biochemical inertness
which makes virions resistant to conventional
directed toxins should make them particularly
sensitive to phospholipase degradation.
In the Kunitz subunit, residues 14-18, which are
homologous to the anti-protease loop, adopt a
markedly different conformation. Such divergence
is unprecedented for the Kunitz superfamily and
suggests that the previously observed conservation
of this loop may reflect functional constraints
rather than structural restrictions. This subunit
also makes two unusual interactions. First, it
forms an interchain disulfide, connecting it to the
phospholipase subunit. Second, it has an ion
channel binding surface that resides roughly 30 A
away, and at the opposite end of the module, from
the region homologous to the anti-protease loop.
The Kunitz module is one of the most extensively
characterized structural motifs. Thus, the existence
of a novel mode of interaction is both remarkable
and unexpected. It demonstrates the ability of these
modules to function in diverse contexts. Interest-
ingly, the ion channel binding motif involves the
only exposed loop (other than the anti-protease
Materials and methods
Protein purification and crystallization
[ 2-bungarotoxin was purified from the venom of Bungarus
multicinctus (Miami Serpentarium) as previously described [6],
except that an additional Mono-S (Pharmacia, Piscataway, NJ)
chromatographic step at pH 8.8 was included. Crystals (space
group P4322; cell dimensions a=52.6 A, c=177.5 A; one mole-
cule per asymmetric unit) were grown from hanging droplets
composed of 7 l of 10 mg ml-1 protein, 0.5 mM EDTA,
0.01% NaN 3, 1.4 M NaCl, equilibrated over 1.0 ml reservoirs
of 3.3 M NaCI, 50 mM Tris-HCl, pH 8.5 at 200C.
Data collection and molecular replacement
Data were collected on a Xuong-Hamlin area detector using
CuKat radiation from a Rigaku rotating anode. Molecular
replacement phasing as implemented in X-PLOR [61] was
attempted using a model of bovine phospholipase A2 [62] that
included backbone atoms and conserved amino acid side
chains. Using data with Bragg spacings between 10-4 A,
Patterson correlation refinement [63] resulted in a dominant
rotation peak (0.079 correlation, 20% higher than the next
highest peak) which produced a clear translation solution
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(0.286 correlation in P4322 against 0.190 in P4122). After
rigid-body refinement (correlation 0.329), the contribution of
each amino acid to the correlation was checked by successive
deletions, and the search model pruned accordingly. This
improved the correlation to 0.419. Visual inspection of elec-
tron-density maps produced with these phospholipase model
phases failed to give an indication of the orientation of the
Kunitz subunit. Molecular replacement searches with numer-
ous BPTI models also failed.
MIR, model building and refinement
A 20 mM BaCl 2 derivative was prepared by co-crystallization.
Other derivatives (5 mM, 24 h equilibration) were screened
using crystals stabilized in 4.75 M NaCl, 50 mM Tris-HC1, pH
8.5 (Table 1). Derivative atom positions were determined from
difference Fourier maps by using the phospholipase model
phases. Native and derivatives with different stabilization con-
ditions were kept separate through heavy-atom refinement and
phase calculations (REFINE and PHASE [64]), until protein
ABCD coefficients could be combined [65]. Each derivative
contained a single site. Anomalous differences were included in
all heavy-atom calculations. A model for the phospholipase
subunit was built into the MIR electron density. Phase combi-
nation between this model and the experimental MIR allowed
the entire 0 2-bungarotoxin model to be built. Subsequent
refinement (X-PLOR) reduced the R value to 0.193
(5-2.45 A, all data >2r, with 10% of the data removed for free
R value calculation [661) with tightly restrained individual
isotropic B values, and rmsds for bond lengths and angles of
0.011 A and 1.60 respectively. The present model contains
1523 non-hydrogen atoms including 81 waters and 2 Na+ ions.
Both Na+ ions are bound to the phospholipase. One is coordi-
nated by a side-chain oxygen atom of Asp39 and the carbonyl
oxygen atom of Glu105 (modeling it as a water produces unre-
alistically low temperature factors). The other is modeled into
the calcium-binding loop (the crystallization medium con-
tained EDTA which chelated all free calcium, and NaC in
excess of 3 M). The free R value [66] is 0.281.
02 -bungarotoxin protein sequencing
Kunitz subunit: It was clear from the initial electron-density
maps that the published sequence of the Kunitz subunit of
132-bungarotoxin [6] was incorrect. We resequenced the
Kunitz subunit using material purified for crystallization. The
disulfide bonds of 0 2-bungarotoxin were reduced and alkylated
with iodoacetamide. After purification on reverse-phase
HPLC, the reduced and alkylated Kunitz subunit was prote-
olyzed with endoproteinase Lys-C. Resulting peptides were
separated by reverse phase HPLC and sequenced on an
Applied Biosystems 470A sequencer (Applied Biosystems,
Foster City, CA). The revised sequence is shown in Figure 3.
Phospholipase subunit: The five reported 3-bungarotoxin
phospholipase sequences, three from protein sequencing [7]
and two from cDNA nucleotide sequencing [67,68], show
greater than 90% identity. We examined the experimental
electron density at each phospholipase amino acid where
isoform differences had been reported, and on this basis, made
five substitutions to the reported 132-bungarotoxin sequence
[7]: S66Q, Q67S, G87A, Q103N, D105E. All of these substi-
tutions conform to the reported nucleotide sequences (also, see
note added in proof).
Calculation of solvent accessibility
The solvent-accessible surface area occluded by the subunit
interface was calculated with the program GRASP [56]. For
individual amino acids, the fractional solvent accessibility was
calculated as the ratio of the solvent-accessible surface area for
atoms of an amino acid residue X in the protein to that area
obtained after reducing the structure to a Gly-X-Gly
tripeptide [69].
Protease-binding loop identification for Kunitz protease
inhibitors
Residues likely to comprise the protease-binding loop for
Kunitz protease inhibitors were chosen based on criteria similar
to those used to identify the ion channel binding region: sol-
vent accessibility (>15%), conservation of amino acid identity
within the protease inhibitors and not in 32-bungarotoxin, and
preservation of main-chain orientation. Unfortunately, the
coordinates of only two Kunitz protease inhibitors are avail-
able, BPTI and the protease inhibitor domain of the 3-amyloid
protein precursor [70], whereas the ion channel binding analy-
sis used four structures. To increase the number of protease
Table 1. Structure determination.
Parameter Native 1 Native 2 BaCI 2 p-CMBS# K2PtBr6
Crystal stabilization
NaCI (M) 3.5 4.75 3.5 4.75 4.75
Data collection statistics
Resolution (A) 10-2.45 10-3.3 7-2.9 10-3.3 10-6.0
Observations 30 515 17126 25 777 17856 3400
Unique 9372 3758 5125 3738 551
with Bijvoets - 4760 3528 538
Completeness (%) 96.4 93.1 91.7 92.7 92.6
with Bijvoets - 85.2 87.5 90.4
R ,,* (%) 6.9 7.2 6.9 7.6 4.9
PU'ing statistics
Mean isomorphous differences 0.175 0.256 0.132
Cullis R factor* 0.550 0.571 0.577
Phasing power: isomorphous 1.9 1.8 2.1
anomalous 0.8 0.6 0.4
*R m= I bs.-lavI /,,I a . tThe mean isomorphous difference is Y I FpH-FP I/SFP, where Fp, and Fp are are the derivative and native
structure-factor amplitudes, respectively. The Cullis R factor is I IFH(obs)-FH(calc)/ I/FH(obs), where FH is the heavy-atom
structure-factor amplitude. §Phasing power is the mean amplitude of the heavy-atom structure factors, FH' divided by E, the rms lack
of closure error. #para-chloromercuribenzene sulphate.
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inhibitors, we included cow colostrum trypsin inhibitor
(CCTI) [71], and snail inhibitor K (SIK) [72], which were used
in the original sequence comparison with 3-bungarotoxin by
Kondo et al. [6]. Three amino acids are identified by these cri-
teria, Glyl2, Prol3 and Ala16 (BPTI numbering). A review of
the sequences of functional Kunitz protease inhibitors demon-
strates that these three residues are highly conserved and that
the substitution of virtually any other two Kunitz module
sequences for CCTI or SIK would also identify this region. For
the intervening residues, which comprise the anti-protease
loop, residue 15 (cysteine) is conserved in the Kunitz toxins,
and residue 16 is not absolutely conserved (lysine or arginine)
(BPTI numbering). Thus, while the analysis correctly identifies
the general region of interaction, it is by no means comprehen-
sive and other amino acids may contribute to the binding
interaction and not be detected.
Sequence searches
The Swiss Protein data bank was searched with the motif,
KXCX 7CX 12CRX 2Ct, where (I) is a hydrophobic residue.
All of the matches had previously been identified as toxin
members of the Kunitz superfamily, except for toxin E from
Dendroaspis polylepis polylepis. Toxin E was initially found to be
toxic [73], but was later also found to inhibit trypsin, and the
original toxicity was attributed to a contaminant [74]. Experi-
mental data remain inconclusive. A review of the previously
published sequences of dendrotoxins and non-toxic venom
inhibitor homologs [42,43], the Ca2+ channel blocker calciclu-
dine [41], as well as the redetermined -bungarotoxin
sequences (Fig. 3), confirms the specificity of the motif.
Analysis of phospholipase surface
The physical and chemical properties of surfaces of 14 phos-
pholipase crystal structures were analyzed with GRASP [56].
These include toxins ( 2-bungarotoxin, notexin [33]), phos-
pholipases without substrate (Protein Data Bank accession
codes BP2, 1BPQ, 1P2P, 1POA, POD, 1PPA, 1PP2,
1PSH) and substrate complexes (POB, POC, 1POE, 5P2P).
All phospholipases, except for bee phospholipase (see below),
were oriented to a common frame by superimposition onto
P2-bungarotoxin. Superpositions used the main-chain atoms of
the three invariant helices that define the core. The rmsds
ranged between 0.4 A and 0.6 A for the superimposed helices.
The collection of substrate complexes aligned in this manner,
showed similar substrate orientations. The solvent-accessible
surface (as defined by a 1.4 A probe) of each phospholipase,
7.5 A from the hydrophobic acyl chains of this collection of
superimposed substrates, was analyzed with respect to the
chemical character of the underlying atoms. Side-chain atoms
in Asp, Glu, Lys and Arg residues were considered charged,
carbon atoms in Val, Ile, Leu, Met, Trp and Tyr residues,
hydrophobic, and all other atoms, including the backbone,
polar. Quantitative measurements were made by calculating
the surface area covering atoms of each chemical characteristic.
(Because of its structural divergence, bee phospholipase could
not be oriented by its protein structure. The bee phospholi-
pase-substrate complex [1POC] was oriented by superimpos-
ing its substrate onto the substrate of the Naja naja atra complex
[IPOB]. The rmsd of superposition was 0.89 A for the 24
atoms that remained within 2 A of each other after least-
squares alignment. The 7.5 A radius surface analysis of POC
was based solely on its own substrate. Despite the modified
procedure, the hydrophobicity and surface area of the bee
phospholipase-substrate complex were indistinguishable from
other non-toxic phospholipases.)
Atomic coordinates for the 2-bungarotoxin structure have
been deposited with the Brookhaven Protein Data Bank.
Note added in proof
In a recent characterization of the -bungarotoxin isoforms
[77], additional isoform diversity is described and confirms four
of the five phospholipase sequence changes proposed here.
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